Methanotrophic bacteria are important soil biofilters for the climate-active gas 27 methane. The prevailing opinion is that these bacteria exclusively metabolise single-28 carbon, and in limited instances, short-chain hydrocarbons for growth. This specialist 29 lifestyle juxtaposes metabolic flexibility, a key strategy for environmental adaptation 30 Recent physiological and ecological studies have collectively shown hydrogen is a 88 widely utilised energy source for microbial growth and survival across a growing 89 range of taxa and soil ecosystems (17)(18)(19). The discovery that the dominant soil 90 phyla including Actinobacteria (20) and Acidobacteria (18) can switch from growing 91 on heterotrophic substrates to persisting on atmospheric hydrogen has provided a 92 new understanding of how microorganisms survive nutrient-limited conditions. Given 93 its ubiquity and diffusivity, hydrogen gas is an ideal energy source to support the 94 growth or non-replicative persistence of soil bacteria. Our recent survey of 95 hydrogenase distribution (17), metalloenzymes that catalyse the reversible oxidation 96 of hydrogen, noted that genes encoding hydrogenases were extremely widespread.
demonstrated that the isolate oxidised hydrogen gas, providing the first confirmation 167 that Methylacidiphilum spp., and indeed members of the dominant soil phylum 168 Verrucomicrobia can metabolise hydrogen. The microorganism rapidly oxidised 169 hydrogen at rates proportional to cell density (Figure 2a ) and consumed hydrogen at 170 concentrations as low as 55 ppmv ( Figure S3 ). As with the closely related M. 171 infernorum V4, we noted the presence of two gene clusters encoding [NiFe] 172 hydrogenases in the sequenced genome (Table S2 ). These enzymes were classified (Table 1) . In these experiments, an exogenous energy source (i.e. hydrogen or 213 methane) was always supplied in excess to suppress the induction of endogenous 214 metabolism and prevent glycogen catabolism (38) . Chemostat experiments revealed 215 that hydrogen oxidation is stimulated under hypoxic growth conditions. Observed 216 rates of hydrogen oxidation were 77-fold greater when cells were oxygen-limited 217 compared to oxygen excess conditions (Table 1) . Further, under oxygen-limiting 218 conditions with 1.9 % hydrogen addition, the specific consumption rate of hydrogen 219 was 42 % greater than observed rates of methane oxidation. Hydrogen addition into 220 the feedgas significantly (p-value < 0.05) increased growth yields (gCDW molCH4 -1 ) of 221 Methylacidiphilum sp. RTK17.1 by 33 % under oxygen excess and 51 % under 222 oxygen-limited conditions (Table 1) . Additionally, cellular growth yields (as This study shows a methanotrophic bacterium is able to constitutively consume 235 methane and hydrogen, either together or separately depending on gas availability, 236 to meet energy needs. We demonstrated that the genetic determinants of aerobic (Table 1) . Similarly, a transcriptome study investigating nitrogen fixation reported that requirement for cell maintenance is three orders of magnitude less than for growth 269 (42, 43), it is probable that hydrogen oxidation serves as a reliable mechanism for 270 the persistence of methanotrophic bacteria in these habitats. 271 Genomic evidence supports that hydrogen oxidation is a commonly utilised strategy 
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By demonstrating that respiratory-linked hydrogen oxidation enhances growth, we 299 reveal that verrucomicrobial methanotrophs are mixotrophs capable of growth and 300 survival on hydrocarbon and non-hydrocarbon substrates alike. The narrative that 301 methanotrophic bacteria are niche specialists, with obligately methylotrophic 302 lifestyles, is based on studies under optimal growth conditions and ignores the 303 requirement of these organisms to adapt to methane and/or oxygen limitation.
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Particularly within dynamic oxic/anoxic boundaries, where methanotrophic bacteria 305 occur in high abundance (45), a specialist metabolism is likely to reduce the overall 306 fitness of these microorganisms. We therefore propose that mixotrophic growth and 307 survival through hydrogen metabolism provides a general mechanism by which this 308 contradiction is resolved. Expanding the metabolic flexibility of methanotrophs will 
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Cell density in liquid samples was monitored by measuring turbidity at 600 nm using 365 a Ultrospec 10 cell density meter (Amersham Bioscience). One unit of OD600 was 366 found to be equivalent to 0.43 g l −1 cell dry weight (CDW) for Methylacidiphilum sp. (Table S2) . experiments. We did not determine whether CO2 fixation in the absence of CH4 was 748 driven by H2 oxidation or instead metabolism of endogenous glycogen reserves. 
